The present studies of mammalian C fibers were undertaken in order to define more precisely the constants of these fibers and to extend our information about the aspects of their behavior during activity which have not previously been investigated systematically.
All the experiments have been designed with the end in view of learning how the behavior takes place under physiological conditions. Unless special precautions are taken, the manifestat*ions of activity in preparations of isolated nerve may differ widely from what may be expected in the body, particularly with respect to the after-potentials and tlhe excitability cycle. Exact information about the last mentioned features of activity is particularly essential, as an understanding of the properties of the axon, as a sample of the properties of other parts of the neuron, is fundamental to an understanding of the excitation of the neuron at the synapses with preganglionic fibers in autonomic ganglia.
METHODS.
The most important consideration when isolated nerves are the subjects of observation is the employment of fresh preparations and the restriction of stimulation to a minimum, as the effects of conditioning are cumulative and long-lasting. Drying is the most troublesome technical difficulty.
In order to obviate it, the new nerve chambers have been equipped with a bath into which the nerve may be immersed without opening the box. Krebs' solution in equilibrium with 5 per cent CO2 and 95 per cent 02 was used routinely, because of the demonstration by Lehmann (1937) of the importance of maintaining A fibers at a normal and constant pH. Actually, as will be seen later, the precaution is of much less importance for C fibers, as their sensitivity to changes in reaction is low.
The only test of whether a nerve is being studied under physiological conditions is to compare it with a like nerve under its normal perfusion of blood in the body. Accordingly the method used by Gasser and Grundfest (1936) for mammalian A fibers was employed. It depends uponcitability from the nerve in situ. If the two excitability curves correspond, it is argued that the after-potential recorded in the excised nerve faithfully represents the one that would be obtained from the nerve in the body. Isolated preparations were made of the hypogastric, splenic, cardiac, and coeliac nerves of the cat, and observations were made of the excitability of the hypogastric and the saphenous nerve (C fibers) in situ.
In the autonomic nerves mentioned, the C elevation comprises either the sole or the major portion of the spike potential.
The hypogastric nerve has the largest proportion of fibers with velocities higher than the C velocity, but it has been used most frequently because it is a relatively large and unbranched nerve. Its spike record shows the presence of a few fibers with velocities of about 30 to 25 m.p.s.
Fibers having velocities ranging between 15 and 3 m.p.s. (the B2 group of Bishop and Heinbecker, 1930 , or the D1 group of Lloyd, 1937) furnish not more than 10 per cent of the spike potential-time area, and the remaining area is contributed by fibers with velocities between 2.0 and 0.6 m.p.s. (fig. 1 ). The rise of the chief portion of the C elevation starts with fibers conducting at 1.6 m.p.s.
The spike. All the difficulties described in the previous paper in connection with the measurement of the spike duration of frog C fibers (Gasser, Richards and Grundfest) hold for mammalian fibers, as do also the same reservations about the correctness of the durations given.
In the best preparations of fine strands of nerve, threshold spikes have a duration of about 2 to 2.5 msec. (fig. 2) . The absolutely refractory periods as measured on similar preparations last 1 S-2.0 msec. ; therefore, 2 msec. may The small spike ahead of the C elevation is caused by fibers conducting at 12 m.p.s. and less. The C spike is succeeded by a negative after-potential. The continuation of the action potential into positivity is shown in figure 3. Fig. 2 . A threshold response in a strand from the splenic plexus. The spike, which has an amplitude of about 20 pv, has a duration of 2.7 to 2.8 msec. Fig. 3 . The complete action potential of the nerve illustrated in figure 1. Fig. 4 be taken as a good figure for the duration of the spikes of the C fibers at the head of the series of C fiber velocities. The question may now be raised, whether all the C fiber spikes have the same durations (as do mammalian A fibers, at least in the range between 110 and 15 m.p.s.), or whether there are durations longer than that holding at the head of the series.
A direct answer to this question cannot be obtained, but indirect evidence may be derived from the curve of recovery of responsiveness in the course of an action. The second of a pair of supermaximal shocks separated by 2 to 2.5 spike durations (4-5 msec.) produces a spike, the height of which is 70 to 80 per cent of the first spike ( fig. 9 ). The curve of recovery, except for the time scale, resembles so closely that of the A fibers, which represent a homogeneous system, that the inference is strongly supported that the C fibers likewise are a homogeneous group. On this basis the wave lengths in the group range between 4 and 1.2 mm.
After-potentials. The C action potential is sufficiently similar in all the different nerves studied to permit a generalized description.
Following the spike there are well developed after-potentials.
Unlike frog C fibers, in which the negative after-potential is a scarcely discernible hump in the trough of the positive after-potential, the negative after-potential in mammalian fibers is well developed and at its maximum rises to a position 0.2 to 0.4 mv. to the negative side of the resting level ( fig. 3 ). Following the maximum, the potential decrements at a rate sufficient to permit the action potential curve to pass from negative to positive 50 to 80 msec. after its start.
The positive potential reaches its greatest value after 150 to 200 msec. and then decays to become lost to view after 1 to 2 seconds have elapsed.
In the course of the positive potential a faint discontinuity is detectable at about 0.3+ sec., for example, at the point marked by an arrow in figure 3. It is easily missed and its existence might even be doubted, were it not for the fact that it becomes more distinct when observed at the end of a train of spikes.
The discontinuity marks the end of the first positive potential, and the only unusual feature in the situation is that it is possible to make out the second positive potential as well as the first in a single action.
The large second positive potential is in keeping with the large negative after-potential.
The first positive potential, like the spike, is roughly five times as long as in A fibers. It is also relatively larger, but not to the extent that appears in the figures. After I cm. of conduction as in figure 3 , the spikes are greatly dispersed, while the after-potentials are summed. When the spike height is corrected for dispersion, the positive after-potential is still relatively large, however.
It amounts to 1 to 1.5 per cent of the spike height, as compared with 0.2 per cent in A fibers. As a variation of the usual action potential picture, preparations have been encountered in which the negative after-potential component was unusually large, thus causing this phase of the potential to persist for as long as 600 msec. (inset fig. 12 ). The variation is of significance only when it occurs in freshly excised nerves. For reasons not understood it is usually seen in experiments performed in the late summer or early fall.
C fibers are less sensitive to changes in pH than are A fibers, and they are also more resistant to asphyxia (Clark, Hughes, and Gasser) . The changes produced, however, are qualitatively according to expectation. For example, the negative after-potential is increased and prolonged at pH 6.8 ( fig. 4) , and the after-potentials are reduced by asphyxia before the spike is involved.
Modification of the action potential by activity.
Tetanization increases both the negative and the positive after-potentials, and spikes set up during a positive after-potential are greatly augmented in size. How these changes take place is shown in figure 5 . The experiment was performed with D.C. amplification.
No adjustments of the amplifier were made in the course of a set of observations, and the amplifier was sufficiently free of drift to permit the recording of the relation of the potential to the resting level at all times. Two pairs of electrodes were arranged on the nerve for stimulation---A at 6 mm. from the lead and B at 10 mm. Test responses were evoked from A, and B was used for tetanization. A normal single testing response is shown in figure 5 a. Following this response, the nerve was tetanized for 15 sec. at 4 shocks per sec., and periods of 0.8 sec. out of every two seconds of the tetanus were photographed together with an intercurrent testing response. (The spike of the latter is higher than the component spikes of the tetanus, because of the shorter distance of conduction.)
As the tetanus progresses, the negative after-potential as seen immediately after the spikes becomes higher, both with respect to the spike height and absolutely.
During the interval between the spikes, however, the negativity declines more rapidly than is normal, owing to the augmentation of the positive potential. Hence the combined potentials become progressively more positive at the moments preceding the advent of the successive spikes. At the end of the train, when newly started actions no longer interfere, the positivity continues to increase rapidly to a maximum.
It then declines over a curve the form of which can be seen in figure 5 g by following the bases of the heavy lines.
The behavior of the spike and negative after-potential can be followed further in the testing responses evoked from electrode A. The increase in the size of the spike and the negative after-potential which started, during the tetanus is carried over into the post-tetanic period. Figures 2 seconds later.
In figure 5 e the positive potential is still increasing. The spike measured from its level of origin is augmented 40 per cent in height and the negative after-potential is prolonged. Two seconds later ( fig. 5 f, taken when the positive after-potential from the tetanus has begun to subside again) the excess heights of the spike and negative afterpotential have decreased.
It is instructive to compare the after-potential periods of figures 5 e and 5 ft because they illustrate how the contour of a curve is determined by the summation of two potentials.
The negative after-potential appears to decline more rapidly in figure 5 e because it is written on a curve of increasing positivity.
The character of the later testing responses in this series is shown diagrammatically in figure 5 g. The potential level of the crests of the spikes tends to hold to a ceiling, but the total spike height decreases as the positive potential from the tetanus decays.
Simultaneously the negative afterpotentials on the testing responses decrease.
Algebraic summation of the negative and positive after-potentials explains all the variations of the potential form seen during and after a tetanus.
If the responses in figure 5 c were close enough together to rise out of successive negative after-potentials, it is obvious that the base line would rise. A rise of this sort in the base line is shown in figure 6 . The tetanus is at 12 per second.
At the beginning of the tetanus the positivity increases more rapidly than does the negativity and the base line falls, but later in the tetanus the negative after-potentials which are increasing, as can be seen in the widening white band at the base of the spikes, dominate the course and the base line rises,-as do also the crests of the spikes. At the end of the tetanus the extent of the tendency to develop positivity when new negative after-potentials no longer interfere is clearly shown. The same phenomena are shown more strikingly during and after tetani of higher frequency. Figure 7 is taken at 50 per second. At the end of the tetanus the first positive potential (corresponding to the period before the arrow in fig. 3 ) forms a sharp notch.
Beyond the notch can be seen the beginning of the increased and greatly prolonged second positive after-potential.
No figure can be given for the duration of the latter because of its mode of ending, but it can usually be traced for 30 sec. to 2 min. The negative after-potential which accumulated during the tetanus is still visible after the first positive potential.
As it subsides, the second positive potential becomes larger.
Thus the two parts of the positive potential are separated by a maximum of negative afterpotential origin. When the negative after-potential in single responses is large, the configuration of the potentials developed during and after a tetanus follows a modified course.
Like frog C fibers, mammalian C fibers are extraordinarily sensitive to the production of negative after-potential by During greater reach a negativity double that of the crest of the initial spike. The most striking difference, however, is seen at the end of the tetanus. The potential, instead of falling abruptly to form the first positive notch, is continued by a negative potential which obliterates the notch, except for a small inflection in the potential curve near the base of the last spike; and the negative after-potential is continued directly to the second positive potential.
A similar ending of the tetanus occurs in the nerves with spontaneously large negative after-potentials which have been described as Fig. 9 . Recovery of responsiveness in a hypogastric nerve of the cat. Similar curves were obtained with splenic, cardiac, and coeliac nerves. encountered in the late summer, and in nerves which have been subjected to prolonged survival accompanied by activity.
Modification of responsiveness and excitability by previous activity. Responsiveness is tested by stimulating at various times in the action by a second supermaximal shock. Beginning at the absolutely refractory period (2 msec.), the height of response rises rapidly, but after recovery to 80 per cent of normal is attained, the rate of restoration is retarded and a full height is not reached until 20 msec. have elapsed ( fig. 9 ). During the continuation of the conditioning action no further increase t,akes place. The spike heights do not become supernormal, as they do in frog fibers or in the later components of a tetanus.
The recovery of excitability was tested in situ on the hypogastric nerve in eight experiments made on cats which had been either decerebrated or anesthetized by dial. The hypogastric nerve was approached by an abdominal incision, but the peritoneum over the nerve was not opened except for the insertion of four fine silver wires to be used as stimulating electrodes. The wires were looped around the nerve without causing injury to the accompanying blood vessels, and the only exposure made of the nerve was at the end, 4 cm. from the ganglion, which was dissected free for the leads. As the animal was kept in a moist chamber at 37OC. and the testing shock was applied at a point different from the conditioning shock, and one supplied with a rich and undisturbed circulation, there was every reason to believe that the excitabilities measured were those of the nerve in a completely normal condition.
A representative example of one of these excitability curves is given in figure 10 . Early points are not included, because the early period of recovery is not a part that is subject to great variation.
The threshold returns to normal at 14 msec. Then a period of supernormality appears, with a peak of excitability 28 per cent above normal coming at 25 msec. Supernormality ends at 60 msec. and the ensuing subnormality reaches a maximum at 150 msec. and lasts more than 600 msec.
An excitability curve obtained on an excised nerve is shown in figure  11 . In its time dimensions it corresponds to figure 10 and it differs quantitatively only to a slight degree in that the supernormality and subnormality are somewhat larger. The action potential was taken from this nerve and it is included in the figure as an inset. By the test of the form of the corresponding excitability curve the configuration of the potential must be considered as being normal.
In nerves characterized by a long negative after-potential in a single action there is also a long supernormal period. Figure 12 shows a supernormal period lasting about 600 msec. For comparison the action potential of the nerve on which the measurement was made is shown in an inset. Because of their sporadic occurrence there has been no opportunity to ascertain whether nerves of this type would have the same excitability curves in the body.
Mapping of recovery following conditioning by tetanic activity was done by the approximation method used by Gasser and Grundfest (1936) . After tetani of 2 to 10 sec. duration, weak testing shocks were applied every two seconds. As was to be expected from the behavior of the after-potentials following a tetanus, the testing response remained subnormal as long as 40 sec.
Excitability curve of the saphenous nerve in situ. Two pairs of stimulating electrodes, insulated except at the tip, were introduced through small slits in the fascial covering of the nerve in the thigh. The slits were 1.5 cm. apart, and the electrodes when in place were insulated from tissues other than the nerve by a small strip of rubber dam. Care was taken not to injure the circulation. After the electrodes had been inserted 200 300 400 500 Figs. 10, 11, 12, 13 . Recovery of excitability in C fibers following a single conditioning action. Fig. 10 . Hypogastric nerve of the cat in situ. February 23, 1937 . The strength of the testing shock was kept constant at a low level. Changes in the height of the conditioned response as compared with the height of the test in isolation gave an index of the excitability. Fig. 11 . Excised hypogastric nerve. March 29, 1937 . Inset: form of the action potential. Fig. 12 . Excised cardiac nerve. November 7, 1936. The strength of the testing stimulus was varied until the height of the conditioned test response was made equal to the height of the test in isolation.
The strength of shock necessary to produce a constant height of response thus measured the threshold for a group of fibers. Inset: form of the action potential. Fig. 13 . Recovery of excitability in the C fibers of the saphenous nerve in situ. November 23, 1936. the skin was closed about them, and a portion of the nerve well below the knee was dissected clear for recording the effects of the testing shocks. In order to eliminate disturbances by reflex movements, the nerve was blocked intra-abdominally by a ligature. The strong shocks necessary to stimulate C fibers often produce longlasting repetition of response by the A fibers, and consequently the excitability curve of C fibers could be mapped out only approximately.
No supernormality was observed, but there was a relatively deep subnormality lasting 250 to 350 msec. (fig. 13) . From the excitability curve it would be inferred that the C fibers in the saphenous nerve are normally without negative after-potential.
Its absence would account for the fact that the subnormality does not last longer than the duration of the first positive potential and that the subnormality has an early maximum. for the difference between the saphenous and the hypogastric nerves are not known. DISCUSSION. The detailed study of the various aspects of the manifestations of activity of C fibers has brought out the fact that qualitatively the behavior of C fibers completely parallels that of A fibers. The same events occur, but on a prolonged time scale and with some differences in intensity.
An interpretation of these events in terms of the generalized schema previously presented by Gasser (1937) is attempted in connection with figure 14. A spike (8) lasting 2 msec. is succeeded by a positive afterpotential (PJ lasting about 0.4 sec. It is also succeeded by a negative after-potential (N) which is variable in duration, but which eventually terminates in a positive potential (Pz>. The algebraic sum of these components yields the action potential. In A fibers the corresponding durations are: for S, 0.4 msec.; and for PI, 60 msec. In C fibers, PI is proportionately larger in terms of the spike height than it is in A fibers; but considering the duration of the potential, a relatively higher frequency of tetanization is necessary to bring about its augmentation.
No means other than a rapidly repeated train of spikes are known for increasing its size. When augmented, it is not prolonged.
The negative component N can be augmented by a number of means. When it is large, the trough caused by PI may be so counterbalanced in a single response that it appears simply as an indentation in N. N is increased by a tetanus and it is then held to be responsible for the increased and prolonged Pz. Likewise in conditions in which N is large in single responses, it is succeeded by an increased or at least a prolonged Pz. In frog C fibers N is normally very small and a single response consists essentially of Cs and PI. During a tetanus N develops and it can readily be identified in the early portions of the successive Pl's.
SUMMARY

Mammalian
C fibers were studied in isolated preparations which yielded the same curve of excitability that is attained from the fibers in situ. On the basis of this criterion, the nerves were considered to be in a physiological state.
The best figure for the duration of the spike is taken to be 2 msec. In the action potential of autonomic C fibers the spike is followed by a well developed negative after-potential lasting 50 to 80 msec., and the latter in turn is followed by a positive after-potential traceable for 1 to 2 sec. The positive potential reaches a magnitude equivalent to 1.5 per cent of the spike height (compare 0.2 per cent for A fibers), and it is divided into two components of which the first the first component is increased takes more up 0.3 to 0.4 sec. After a tetanus than is the second, but it is not prolonged.
The second component is both increased and prolonged in relation to the duration of the tetanus and the frequency of stimulation. During increase a in tetanus size, an both the negative and the positive .d staircasing of the spikes occurs.
after-potentials
The absolutely refractory period lasts 1.8 to 2.0 msec.; 80 per cent recovery of the spike height occurs in 4 msec., but 20 msec. are necessary for complete recovery. As tested after a single conditioning action on the hypogastric nerve in situ, the excitability is found to return to normal at 14 msec. Supernormality follows with a maximum at 25 msec. and gives way to subnormality at 60 msec. Subnormality reaches a maximum at 150 msec. and lasts over 600 msec. This sequence fits with the potentials and the excitability cycles recorded in isolated preparations. After a tetanus, subnormality is prolonged, in keeping with the prolonged positive after-potential. Excitability curves obtained from C fibers in the saphenous nerve in situ show no supernormality, and the subnormality is not longer than would be expected ponent only.
if the positive after-potential contained the first comVariations in the after-potentials and the excitability cycles are described in modified states of the nerves and in one condition which appears to be a physiological deviation of unknown origin.
